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FINAL TECHNICAL REPORT on CONTRACT INOOO4-8S-C-0466

The bulk of t-he researc1l performcd. under this contract has

-j dealt with mathema t ical problems Of nume11rical ocean1 acoustics, of

the kind described in. Ref. 1, pp. 6,13-54. -These concerned the

propagation of sound waves *in (generally inhoiio-oneous) elastic
0 t

* fl uidcs, with special reference to the cons istericy of the el ast ic

fluid model wi th ' ray theoryl (Format -Tinygen s) , in prcd ict iii g

reflection, refrai tion, and diffraction. i

I have writ'ten up mo st of the frit s of thi-s research for p,)b-

lication in Refs. 2-4, of whichi Ref. 2 liois zppearod (reprinlt enl-

*closed) . A copy of Ref. 3 has been r'etyped at the1 Naval Unldcl-,, ter

S\'St emIs Cent1 cr for phoat ogv~phi c re product ion. Types crjpts of Pcfs;.

4 and 5 h;, ye been sentc to the cdi. to rs Of t i c Proceed Li s iawiiI.c!1

tile; will appc !r. Much of R ef. 4 is aI less (letai lcd but More

polished c.qpos it ion of results presentcd jin Refs . 2 and 3. Thecse

results include the foll-owil a"

A. Formul ltjii of aI precise iten i;1 de4l'n1 loll Or theC conc:;+1
of an i ]IIC'moq")cniOils (lstcRlolUe . 3, Sec . 9 and Apen
c ; cI , e.2 es.1 and( I SJ)

13. Dc' ji- vat on p1lane of ex~zct s"Cond -0 - J' 0 i i e" :U c- ent ;; 1 ds!.

Scc Cs. .1 ) od 14 ; Pe f . 1,e.

C . 'Ilie cooci 1 us :.i onl thlat 1 1Iin ) ere 1l;,;1 en" 2 i men 1 WI , unljd In V \ .

I) 1 t Cf 11 11X C C~P 0 > 1n Ct hI 11 0o 11 11 '; 11 ie VeIc IV p tnt o I, ~i Cf I~ c i

*INS ptcM
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Final Technical Report on Contract N00014-85-C-0466, p. 2

E. Clarification of the physical significance of the Sommerfeld-
Runge eikonal function for sound waves in fluids (Pef . 2, gec
10; Ref. 3, Sec. 5; Ref. 4, Sec. 6).

Namely, each "eikonal surface" on which the Sommerfeld-Runge ejikC,:]

function assumes a constant value is asymptotically an isoharic

surface of constant pressure at allI times, associated with "sim U"

sound waves (Ref. I, p. 616 ) in which the fluid is consi ra iiied w'.ork-

lessly to move along acoustic rays.

The preceding rosults hold in static fluids. In !o!v'ii__ fluids

(Ref. 3, Secs. 7-8), although ray theory can still be applied, th1

use of variational principles involves the concept of a Finsler

space, and very) unfamiliar geometrical ideas.

The elastic fluid models discussed above all conserve mechaii-

cal energy; they do not predict any absorption or dispersion. I

have made a critical analysis, in historical perspective, of sex(:r]ii

standard te at.iscs concerned with models intended to explain thlc!c-

re I ated phea omena . My impressions, reported in Ref. 3 (Sccs. -

and Appendix A) and Ref. 4 (Sees. 7-11), are summzirized in the

Appendix to the present Report. 1 hv!;e crreloat d 1 hCw with the

di scur.z eorrtion ar, di spe-ioj (pr i,, r i 1 in g- seW ) o1 p..

4 9-)62 of Al i i' Pi eccc' s a ,doirahle 1 ),)ok Aco t i : s.

My I l, i ; C o1-a c 1 C I1;. i 1 1i a) ])o 1 1) Cl :,.ad a i, ' p] an' I "111 11 1;

t ' jf " oX ! la 'i i . ies ] II IiIt I - i .\ V v 1 (1 d a> I 0 : e

I to, . :1. " d , t he 1- 11'. 1) udd a,
i t o i I 1 I , NI. !' ll , . " a .1 v a v .

1 1 J I I a i i .
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Final Technical 1\or_ t on Contract NO0014-85-C-0,166, pipe 3

--- ,substantiated (especiallI) in liquids) by clear answers to many b';S IC

questions. These include the following:

F. To what extent is the absorpti on (if sound per wive length, c..

in air,- co", and other dilute gases determined bv the absolutl-
temperatuire, T1, and the rat ioi f/p of the trequency to the
pressulre? I

G-. To what extent are contributions to a from di fferent- causes
demonstrably additive, in gases aiwl in liquids?

Hi. How wellI can ono plredi th oations, brceadthls, and height:- of
the two graphs drawn ilI Fig. 10-12 of Pierce? flow well are
these: correlated experimentally, in gases and in liquids?

-k~How are the bulk\ viscosities of I iquids and gases best definled
and maueTeo ibobyA. Barr, A ManualI of Vi scometr
on shear viscosity, sets a good exam,,ple.

Coimputat ional1 acoustics. When thi s contract was set up, I

pl1anned to pol ish myl) 1983 soft-cover monograph >:inieri ca-1 Fiui

Dv'uamli cs for publlcat'ionl in hard-cover form, inclulding- in it niew

ma.~it e -ialI . A papepr subml~itted to SlAIM Review onl ''fliiercinc methods

*for soixi nig convct i on-diffuisi on equl ionls, ceauthlerei b,) E.C.

(;i-~i Jr, 1. , an1d R. f. Lync], was writtenl lith thl:-; in 11il d . S C)i

the visitLu ot 11-a rd b)y Prof. lnch ill the( suIMPanr of' I 9S6, dun nl';

"Ind i c' hoii;i '!.r col lli Ien:. Sil7( 11!Ct-1e , l~' vn a~ i nk-w-

ut ' c~ tl: L . i 1 o t hQ, Pur(:it H'J,1AClK pa an, ad 1 i1e -t- 1): p r<

oi :I 1lIo. ' Ia CN na e ie 1%ii n caa i

OlN ii~ I I I i 1 i 1d 1 a t 1V

1F e' V jdiv iaIl )ap 'vn
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over half of which is devoted to publicizing the major role played

by navy-sponsored research in the crucial early development of

sqientific computing. This invited paper wilappear in a volume

which, I believe, will be widely read.

-e ' r F
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Appendix. Absorption and l)ispcrsiun o I
Already by 1860, general mathematical theories of viscosity

(Stokes) mnd heat coiducti(Cu (Fourier) had been constructed. Both 

of thcse theorie. pred ict that souud W;avcs in fluids should be sub-

jected to absorption and dispersion, and that the rate of interlial

2Isound absorption, ct, should be proportional to f , the square of

the frequency. Actually, the two theories can be incorporated into

a more elaborate theory of homogeneous viscous therinoelastic fluids.

This theory involves three parameters besides those which character-

ize elastic fluids: the therNal. conductivity K, the shear viscosity

p, and the bulk viscosity v

Until 1925, this theory seemed adequate, pairtly because the

internal absorption and dispersion of sound in air and water, on a

laboratory .scale (< 10m) , are almost impercopt-ible over the audihlic

ran ge (r_Ily 25 I11-S kt11.). The effects of K and I't were simplyv

added to those of 1, .giving0

S + C + C ,)f
(1) c. (Ca K a:

where typicA l!y < C < C < 2C in gases. Mioieover, the cli-

Cept 01 , V S COL. t;e1,HIocl1:, i c fluid W,8 :is bellei cd to blc confir 1K

by the t i \V,1lJ- , Ilt. inllil 1,k i eti C thuc rv of ht S' , becau C. Ihi s I il"0YV

e u \i ' 1 t i ens ii a1nd * w ti t ]ic le ' il 1i a, th r'
explainedd (.1\:ill ,, . "

;ctJ[/ Il' "C ' V ~ l p ''* }: re p. 1 ] I SCl:; ttdi 1 C , 1: a1t , in a Q al O ;I

I' I c i a nr , h:, I Id I I c I Ill c i !I" oI K' 1 on

, le~~ (~ \ 1 , . . ... U 1 1, f i.t1 I 5' (

"e'' " " " ",e ,,' .','''. '.i%*',''',', -'.'- .{' '.' "' -' ,''- '-' -'"' .' "' %''' .% '-' '-' '.' " ' .'- .-. .- ... .- ..-

.', X, . , , ? -,- ... -,',,:.'- -..-,- , , ..... , ...,.,-, ,--., ...-.....;.-,.......-..,... , .-. .,.,.. .. ...
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Appendix, p. 2

waves in th, range 5 ktlz-1 mitz revealed rates of internal sound

absorption in fluids of 10 uc 10 0 ac or even. more. These arc

generally attributed to molecular relaxation effecls, associated

with "relaxation times" r required to transfer "rotational" to

"translational" energy. I gn__.'es, this concept can be rationr, i ?ed

in terms of Ma-well-Boltzrnann mass-st)riumodCls of molecules; more-

over, kinetic theory suggests that xcx should be a single-valued

function of the ratio f/p of the sound wave frequency to the gas

pressure. From 1925 to 1940, discoveries of major deviations from

(1) in gases and liquids were correlated with developments in

theoretical molecuilar phys-ics, which was boins i revolut ioni :-ed by

quantum mec!,anics.

After 1lorld War 1I, intense inter.,;t in shock iaves; helped oI (

stimulate extensive further studies of the ahsorpt ioi; of necii i c,-1

energy in 80 or more chemi-cally pure f liuids. Li II(.idS were classi-

fied into qulitatively dilferent types, as regpIr.s their .'ound

absorption properties. In add ition, importanl effects of iIIII)01,"i1t

and oun bs rp I o iimi ue s( such 1s a il') c nnt*11n'd to b

st ud ed.

B 1.I-  i t ". I Io ro cci ed care fu s rut i 11x for Ill firs:

-)Im%.c(I th I ;I(Sc t nl . ru i , I i, I , . .tC I I fter 9. 1 lh : ;. I . l r t.I d , II ill dt- 1 1 rit iV , CI

. owed .c h a i b lb I c" i, .c I e c an, th"I Iv c I I 1l y I k ' : .70<

J%



Appendix, p. 3

times" to empirical data has never boon clearly answered. It would

be desirable to have a clearer idea of the magnitude of Truesdell's

corections to formula (1), which is still believed to hold (with

' = 0) for inert gases like He.

Of even greater intercst is the empirical evidence for Pierce's

formula (10-8.11),

(2) .(f) = U (f) + UV (f)

where different a dominate over different ranges of f, and his

analogous formula (10-8.16) for dispersion. It is not clear for

which gases and liquids these formulas have been proven exper 'ic.,: .-

ally to held, with what precision over what ranges of f and s 4 ,C.-

(pT). Likewise, for which pure and impure fluid s have the pa rzi-

eters (a x) and - which occur in the so forinulias been d educed

from general 1)asic form uls of quantu wm cch a nics s, and wiIh what

preci sion?

Until such questions (which are rclated to Questionns F-1

Slated J n t Ce body of this report) 'arec Ie , I thinlk 11hat till"

st;atils of 'rci axati on time' rationr lI acl ins of AbsorpI i 01 :.Ind di -

p&)s'on0 plhcnomena ](e;Csmbles that of ':;.1sicz' raIonal i .:ation: :

of 1900. A\though. hi ghi ,v plausibl , t C .- , ran; (),{ v: ldi tv

(especi al for lJquid.s) is unclear!

S'S. €{, 4 , 4N 4,.,-.'. < '-,' - - , - ,.. € 444
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-rM- Cam1p. a nd M at h -. w i t Ii Ap 1) 1) 1 ( 19 8) S 614i- 8 96.

2. G. IBirkhon ff, ''Sound wa-es ill flIuids , pp . 3- 21 of R. V Ichne),vet-
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-I Con fer-ence anl the M.i si ary of' Sc liul 1-1 c aind Nu,&cri c

tilAssc . ('amp. cherIn



K/kswl IBlM

/I7RC/

/7?

w *A ww w

12 P~o P% 
%- %- '


